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In this paper we investigate the inflationary phenomenology of an Einstein-Gauss-Bonnet theory
compatible with the GW170817 event, by imposing the constant-roll evolution on the scalar field. We
develop the constant-roll GW170817-compatible Einstein-Gauss-Bonnet formalism, and we calculate
the slow-roll indices and the observational indices of inflation, for several models of interest. As we
demonstrate, the phenomenological viability of the models we study is achieved for a wide range
of the free parameters. In addition, for the same values of the free parameters that guarantee
the inflationary phenomenological viability of the models, we also make predictions for the non-
Gaussianities of the models, since the constant-roll evolution is known to enhance non-Gaussianities.
As we show the non-Gaussianities are of the same order for the slow-roll and constant-roll case, and
in fact in some cases, the amount of the non-Gaussianities is smaller in the constant-roll case.
PACS numbers: 04.50.Kd, 95.36.+x, 98.80.-k, 98.80.Cq,11.25.-w
I. INTRODUCTION
After the striking neutron star merging GW170817 event [1], which was followed by a kilonova, the fact that the
gravitational waves arrived almost simultaneously with the electromagnetic radiation emitted by the kilonova, it was
obvious that the gravitational wave speed cT was nearly equal to that of light’s, that is c
2
T = 1 in natural units.
This fact has put several generalizations of Einstein’s theory of relativity into peril, since several extended theories
of gravity predict a gravitational wave speed different from that of light’s, referring always to the speed of the tensor
perturbations. One question with conceptual interest is, does it matter if some theories of extended gravity predict
a primordial gravitational wave speed different than that of light’s? The answer could be easy to answer by simply
thinking that the Universe during the inflationary era and in the post-inflationary era, is classical, and described by
a four dimensional spacetime metric. Thus there is no particle physics reason for the Universe to change the mass of
the primordial graviton. Thus indeed, the graviton, either it propagates in the form of primordial gravitational waves,
or it propagates in the form of astrophysical originating gravitational waves, should be massless, or nearly massless.
An extensive list of theories which were put into question after the GW170817 event, can be found in Ref. [2].
One of the theories that were put into question after the GW170817 event, were the Einstein-Gauss-Bonnet theories
[3–44], see also the review [45] which form an appealing class of theories capable of describing the inflationary era and
also several astrophysical objects. The reason for considering Einstein-Gauss-Bonnet theories as appealing candidate
theories for the primordial era of our Universe is simply because these are string motivated theories, basically the
whole theory is a string-corrected canonical scalar field theory minimally coupled to gravity. In several previous works
[31–36] we demonstrated how Einstein-Gauss-Bonnet theories and their extensions, may actually be rectified in view
of the GW170817 event, by simply demanding that the primordial gravitational wave speed is set equal to unity.
In effect, this constraint results to a differential equation which constrains severely the functional form of the scalar
potential V (φ) and of the scalar coupling function ξ(φ) of the scalar field with the Gauss-Bonnet invariant.
In this paper, we shall extend the formalism of our previous work [36], to take into account a constant-roll evolution
for the scalar field. The constant-roll evolution is a widely used assumption for the evolution of the scalar field during
the primordial era. The aim of this paper is two-fold: Firstly we shall investigate whether a viable phenomenology can
be obtained by the constant-roll GW170817-compatible Einstein-Gauss-Bonnet theory. Secondly, we shall investigate
what is the predicted amount of non-Gaussianities predicted by the GW170817-compatible Einstein-Gauss-Bonnet
2theory, when the constant-roll assumption is used, since the constant-roll evolution is known to enhance the non-
Gaussianities features. Our results are quite interesting, since we evince that the constant-roll evolution assumption
for the scalar field can also yield the GW170817-compatible Einstein-Gauss-Bonnet theory viable and very good
aligned with the latest Planck data [46], but more importantly, the non-Gaussianities in the case at hand are not
enhanced, and in some cases are smaller in value, when compared to the slowly rolling scalar field scenario for the
GW170817-compatible Einstein-Gauss-Bonnet theory. Our motivation to use modified gravity description for the
inflationary era, comes from the fact that general relativity seems to fail to consistently describe several evolution
eras of our Universe, such as the dark energy era, and in some cases the inflationary era, see for reviews [45, 47–52].
Also in some cases, it is possible that modified gravity can mimic dark matter, but also dark matter can also be a
massive particle with no interaction or small interaction with other particles [53–58].
Before starting, an important discussion is in order. The Planck 2018 data on inflation are able to bring information
relevant to the inflationary era, available and unaltered at late-times, due to the mechanism of inflation itself. Basically,
the information measured in the CMB at present, is nothing else but the primordial modes which exited the Hubble
horizon at the first time, at the time instance we assumed that inflation started. These modes were frozen after the
horizon crossing, and re-entered the Hubble horizon during the radiation and matter domination eras, unaltered. For
the latter reason the primordial modes carry information about the inflationary era, these are the frozen modes at
early times. Now regarding the primordial tensor modes, the same principle applies, hence if primordial gravitational
waves are ever found, these must be massless modes and which correspond to a gravitational wave speed equal to
unity. Now the question is whether someone should expect these primordial modes to be massless, and why should an
astrophysical gravitational wave speed equal to unity, impose constraints on the early-time primordial gravity waves.
From a fundamental physics point of view, gravity is mediated by gravitons, so regardless the graviton mediates
primordial gravity waves, or astrophysical gravity waves, the graviton is the same. From a particle physics point of
view, there is no fundamental reason for the graviton to alter its mass during the inflationary and the post-inflationary
era. This is why the constraint brought along by the kilonova related event GW170817 for a massless graviton, also
affects the early-time tensor perturbation modes, thus the primordial gravity wave speed. For us, Einstein-Gauss-
Bonnet theory is one of the most appealing extensions of minimally coupled scalar field theory, since it is string
motivated and also with our approach, the gravity waves which are basically the primordial tensor modes, are also
massless, as the present time graviton seems to be.
II. CONSTANT-ROLL INFLATIONARY EVOLUTION OF EINSTEIN-GAUSS-BONNET GRAVITY
In this section we shall investigate how the theoretical framework of Ref. [36] is modified if the constant-roll
evolution is adopted for the scalar field. In order to render the article self-contained, we shall describe in brief the
formalism of the GW170817-compatible Einstein-Gauss-Bonnet gravity developed in Ref. [36], and we shall consider
a minimally coupled Einstein Gauss-Bonnet theory described by the gravitational action,
S =
∫
d4x
√−g
(
R
2κ2
− 1
2
ωgµν∂µφ∂νφ− V (φ)− ξ(φ)G
)
(1)
where g is the metric determinant, R denotes the Ricci scalar, κ = 1MP is the gravitational constant where MP
denotes the reduced Planck mass, and V (φ) is the scalar potential, while G describes the Gauss-Bonnet invariant
G = R2 − 4RαβRαβ + RαβγδRαβγδ, with Rαβ and Rαβγδ being the Ricci and Riemann tensor respectively. Finally,
ξ(φ) denotes the Gauss-Bonnet coupling scalar function. Moreover, we shall assume that the geometric background
is a flat Friedman-Robertson-Walker background, with the line element being,
ds2 = −dt2 + a(t)2δijdxidxj . (2)
According to this form, the metric tensor reads gµν = diag(−1, a(t)2, a(t)2, a(t)2). Furthermore, we shall also assume
that the scalar field φ is homogeneous, or in other words it is only time-dependent. Furthermore, since the metric is
flat, the Ricci scalar and the Gauss-Bonnet invariant can be written in very simple forms, as R = 12H2 + 6H˙ and
G = 24H2(H˙ + H2). Here, H signifies Hubble’s parameter and in addition, the “dot” denotes differentiation with
respect to the cosmic time as usual. Finally, we note that the term ω in the kinetic term will be set equal to unity in
order to describe the canonical case, but for the time being we shall leave it as it is in order to show how the results
depend on such term. However it shall be treated as a constant, independent of the scalar field.
By varying the gravitational action (1), one can extract the field equations easily. Consequently, the equations of
motion are derived easily from the time and space components of the field equations for gravity and the continuity
equation of the scalar field, which read,
3H2
κ2
=
1
2
ωφ˙2 + V + 24ξ˙H3, (3)
3−2H˙
κ2
= ωφ˙2 − 16ξ˙HH˙ + 8H2(ξ¨ −Hξ˙), (4)
φ¨+ 3Hφ˙+
1
ω
(V ′ + ξ′G) = 0, (5)
where in contrast to the previous notation, the prime denotes differentiation with respect to the scalar field φ. Describ-
ing the inflationary era properly implies an analytical solution of the system of equations of motion. Unfortunately,
such a system is very difficult to study analytically. The solution can however be extracted by assuming certain
approximations during inflation, after the first horizon crossing, or the initial moment of inflation. Here, we shall
assume that the slow-roll approximations hold true and also impose the constant-roll condition on the scalar field.
Mathematically speaking, we shall assume that the following conditions hold true,
H˙ ≪ H2, 1
2
ωφ˙2 ≪ V, φ¨ = βHφ˙, (6)
where β is the constant-roll parameter. These assumptions make the equations of motion simpler and we end up with
the following expressions,
H2 ≃ κ
2V
3
, (7)
H˙ ≃ −1
2
κ2ωφ˙2, (8)
V ′ + (3 + β)ωHφ˙+ 24ξ′H4 ≃ 0. (9)
These are the simplified equations of motion we shall use in order to produce results. However, before we pro-
ceed further, we shall impose certain additional constraints in order to achieve compatibility with recent striking
observations.
The tensor perturbations of the flat FRW metric, or simply the primordial gravitational waves as they are called,
propagate through spacetime with the velocity of light, as it was recently ascertained by the GW170817 event. This
realization made it abundantly clear that theories which describe modified gravity and produce a different velocity must
be discarded. A theory which belongs to that category is the Einstein-Gauss-Bonnet theory, since string corrections
produce the following expression for their velocity in natural units,
c2T = 1−
Qf
2Qt
, (10)
where Qf = 16(ξ¨−Hξ˙) and Qt = 1κ2 − 8ξ˙H . The compatibility with the GW170817 event may be achieved only if we
demand c2T = 1. This in turn implies that the numerator of the second term becomes zero, or in other words ξ¨ = Hξ˙.
This is an ordinary differential equation which can be solved easily. Although finding an expression for the term ξ˙(φ),
which satisfies the aforementioned differential equation, is feasible [36], we shall choose a different approach taking
advantage of the constant-roll condition. Let us expand the differential equation with respect to the scalar field. Since
(6) holds true, and the differential operator ddt is equivalent to φ˙
d
dφ , then we have,
ξ′′φ˙2 + βHξ′φ˙ = Hξ′φ˙. (11)
Therefore, the expression for the derivative of the scalar field is,
φ˙ = (1− β)H ξ
′
ξ′′
. (12)
Taking the limit β = 0, the above formula in equivalent to the analysis made in a previous work of ours [36] where
we studied the slow-roll case, as expected. Thus, the equations of motion are rewritten in the case at hand as follows,
H2 ≃ κ
2V
3
, (13)
4H˙ ≃ −H
2
2
κ2ω(1− β)2
(
ξ′
ξ′′
)2
, (14)
V ′ + (1− β)(1 + β
3
)κ2ω
ξ′
ξ′′
V +
8
3
κ4ξ′V 2 ≃ 0. (15)
The above set of equations is much more easy to manipulate analytically, as we show in the next sections. Firstly,
Eq. (14) is connected to the slow-roll index ǫ1 as we shall see in the subsequent calculations. It is a useful expression
since it is interconnected to the constant-roll parameter β and the ratio of derivatives of the Gauss-Bonnet coupling
function. Hence, designating an appropriate coupling function is of fundamental importance. Furthermore, the
degrees of freedom have decreased by one, since constraints on the velocity of the gravitational waves were imposed.
In consequence, specifying the coupling function leads to a differential equation which, once it is solved, it generates
the scalar potential. Hence, these terms cannot be designated freely but they are in fact interconnected, although
they have different origins. Let us now proceed with the evaluation of the slow-roll indices.
The dynamics of inflation can be described by six parameters named the slow-roll indices, defined as follows [3, 36],
ǫ1 = − H˙
H2
, ǫ2 =
φ¨
Hφ˙
, ǫ3 =
F˙
2HF
, ǫ4 =
E˙
2HE
, ǫ5 =
F˙ +Qa
2HQt
, ǫ6 =
Q˙t
2HQt
, (16)
where F = 1κ2 , Qa = −8ξ˙H2, Qt = 1κ2 − 8ξ˙H and E = 1κ2 +
3Q2a
2φ˙2Qt
. Hence, according to equations (6), (12), (14) and
(15), the indices can be rewritten as follows,
ǫ1 ≃ κ
2ω
2
(1 − β)2
(
ξ′
ξ′′
)2
, (17)
ǫ2 = β, (18)
ǫ3 = 0, (19)
ǫ4 =
1− β
2
ξ′
ξ′′
E′
E
, (20)
ǫ5 ≃ − 4(1− β)ξ
′2κ4V
3ξ′′ − 8(1− β)ξ′2κ4V , (21)
ǫ6 ≃ −4(1− β)ξ
′2κ4V (1− ǫ1)
3ξ′′ − 8(1− β)ξ′2κ4V . (22)
Obviously, in the limit β = 0, all the slow-roll indices, apart from ǫ2, are restored as in the slow-roll case we studied
in Ref. [36]. Moreover, it is clear that the value β = 1, which in turn implies that φ¨ = Hφ˙, is not an accepted
value for β due to the fact that it leads to zero slow-roll indices, apart from ǫ2, and this choice would lead to eternal
inflation. This was obviously implied previously when we performed a division with φ˙ in order to extract the form
of φ˙ depending on the coupling scalar function and Hubble’s parameter. On the other hand, there exists no physical
constraint which prohibits β to obtain values greater than unity, so the inequality β > 1 could still yield interesting
phenomenology. We also mention that the auxiliary functions are written as,
E =
1
κ2
+
96
κ2Qt
ξ′2H4, (23)
Qa = −8(1− β)ξ
′2
ξ′′
H3, (24)
Qt =
1
κ2
− 8(1− β)ξ
′2
ξ′′
H2, (25)
5Qe = −32(1− β)ξ
′2
ξ′′
HH˙. (26)
The term Qe was introduced here, but will be used in the following relations. Lastly, we discuss the form of the
observational indices in the case of the model at hand. The spectral index of primordial curvature perturbations nS ,
the spectral index of tensor perturbations nT and the tensor-to-scalar ratio r in terms of the slow-roll indices, are
defined as follows [3, 36],
ns = 1− 22ǫ1 + ǫ2 + ǫ4
1− ǫ1 , nT = −2
ǫ1 + ǫ6
1− ǫ1 , r = 16
∣∣∣∣
(
κ2Qe
4H
− ǫ1
)
c3A
κ2Qt
∣∣∣∣ , (27)
where cA the sound wave velocity defined as,
c2A = 1 +
QaQe
3Q2a + 2Qtωφ˙
2
. (28)
The aim in the rest of the paper is to evaluate the observational indices during the first horizon crossing. However,
instead of using wavenumbers, we shall use the values of the scalar potential during the initial stage of inflation. Taking
it as an input, we can obtain the actual values of the observational quantities. We can do so by firstly evaluating
the final value of the scalar field. This value can be derived by equating slow-roll index ǫ1 in Eq. (17) to unity.
Consequently, the initial value can be evaluated from the e-foldings number, defined as N =
∫ tf
ti
Hdt =
∫ φf
φi
H
φ˙
dφ,
where the difference tf − ti signifies the duration of the inflationary era. Recalling the definition of φ˙ in Eq. (12), one
finds that the proper relation from which the initial value of the scalar field can be derived is,
N =
1
1− β
∫ φf
φi
ξ′′
ξ′
dφ. (29)
From this equation, as well as equation (17), it is obvious that choosing an appropriate coupling function, is the key
in order to simplify the results. In the following, we shall work with certain functional forms of this coupling function,
derive the scalar potential from (15) and produce results for both the observational quantities introduced previously,
but also we shall discuss the primordial non-Gaussianities, known to occur when the constant-roll condition is used,
as we mentioned in the introduction. In the following section, we shall introduce the formalism of non-Gaussianities
before continuing with examining the viability of certain models.
III. PRIMORDIAL NON GAUSSIANITIES UNDER THE CONSTANT-ROLL CONDITION
Until now, the perturbations in the Cosmic Microwave Background (CMB) are described perfectly as Gaussian
distributions, since no practical evidence is found pointing out a non-Gaussian pattern in the CMB. It is possible
though, not probable for the moment, that in the following years the observations may reveal a non-Gaussian pattern
in the CMB primordial power spectrum. In this section we shall discuss how to evaluate the non-Gaussianities
quantitatively in the context of the GW170817-compatible Einstein-Gauss-Bonnet gravity, using the formalism and
notation of [59]. We first define the following quantities,
δξ = κ
2Hξ˙, δX =
κ2ωφ˙2
H2
, ǫs = ǫ1 − 4δξ, n = ǫ˙s
Hǫs
, s =
c˙A
HcA
. (30)
Here, we shall implement a different formula for the sound wave speed, however equivalent to the previous, which is
based on these newly defined quantities for convenience and reads,
c2A ≃ 1−
64δ2ξ(6δξ + δX)
δX
. (31)
Recalling equations (12), (14) and (15), one finds that the previous auxiliary terms have the following forms,
δξ ≃ 1− β
3
κ4V
ξ′2
ξ′′
, (32)
δX ≃ κ2ω(1− β)2
(
ξ′
ξ′′
)2
= 2ǫ1, (33)
6ǫs ≃ (1 − β)
(
κξ′
ξ′′
)2(
ω(1− β)
2
− 4
3
κ2ξ′′V
)
, (34)
n ≃ 2(1− β)
(
1− ξ
′ξ′′′
ξ′′2
− 4κ2 ξ
′
ξ′′
V ′ξ′′ + V ξ′′′
3ω(1− β)− 8κ2ξ′′V
)
, (35)
s = (1− β) ξ
′
ξ′′
c′A
cA
. (36)
In certain examples, we shall see that by choosing appropriately the coupling function simplifies greatly the quantity
ǫs, as it shall also coincide with ǫ1, along with δX . No matter the form of the sound wave velocity, the derivative cA is
very complex, so we omit its analytic expression. These forms are very useful due to the fact that the power spectra
PS of the primordial curvature perturbations and the equilateral momentum approximation term feqNL can be derived
from such terms. These quantities are defined as,
PS = κ
4V
24π2ǫscA
, (37)
feqNL ≃
55
36
ǫs +
5
12
n+
10
3
δξ. (38)
In the following we shall appropriately specify the value of the term feqNL during the first horizon crossing, to see what
the constant-roll condition brings along. The evaluation shall be performed by using the values of the free parameters
in such a way so that the viability of the observational indices of inflation are compatible with the 2018 Planck data
[46].
It is useful to note that, the spectral indices of scalar and tensor perturbations and the tensor-to-scalar ratio which
will be numerically evaluated in the subsequent sections for appropriately chosen models, can be derived using the
auxiliary parameters of this section, as follows,
nS = 1− 2ǫs − n− s− 8δξ, nT = −2ǫs − 8δξ, r = 16 ǫscA
1− 8δξ . (39)
These are obviously equivalent to the definitions presented in the previous section, but we shall proceed with the
slow-roll expression.
IV. SPECIFIC MODELS AND THEIR COMPATIBILITY WITH RECENT OBSERVATIONS
As it was mentioned before, our main aim is to extract the value of the scalar field during the first horizon crossing
and insert it as an input in Eq. (27). Firstly, we shall define the Gauss-Bonnet coupling scalar function. Afterwards,
we shall derive the scalar potential from Eq. (15) corresponding to the selected coupling function. Accordingly, we
shall equate the slow-roll index ǫ1 (17) with unity in order to find the final value of the scalar field and finally, from
Eq. (29) the initial value of the scalar field will be extracted.
Let us now discuss several models which can produce viable results.
A. Model I: Power-Law Coupling Function
Suppose that the Gauss-Bonnet coupling scalar function is defined as follows,
ξ(φ) = λ1(κφ)
m1 , (40)
where λ1 is an unspecified for the time being dimensionless constant. This is a very appealing function since the ratio
ξ′ξ′′ which appears in our calculations is greatly simplified, since,
ξ′′ =
m1 − 1
φ
ξ′. (41)
7This is a model which was also studied in Ref. [36]. Since the coupling function is specified, the scalar potential can
be derived from Eq. (15). The form of the potential is very intricate as shown below,
V (φ) =
3e−α1(κφ)
2 (
6α1(κφ)
2
)m1/2
3c (6α1(κφ)2)
m1/2 − 4λ16
m1
2 m1κ4(κφ)m1Γ
(
m1
2 , α1(κφ)
2
) , (42)
where α1 = − (β
2+2β−3)ω
6(m1−1)
and c is the integration constant with mass dimensions [m]−4, and Γ
(
m1
2 , α1(κφ)
2
)
is the
incomplete from below gamma function. Let us now proceed with the evaluation of the slow-roll indices and certain
auxiliary parameters. These are,
δξ ≃ (1− β)λ1m1κ
4V (φ)(κφ)m1
3(m1 − 1) , (43)
ǫs ≃
(1− β) (3(1− β)(κφ)2ω − 8λ1(m1 − 1)m1κ4V (φ)(κφ)m1)
6(m1 − 1)2 , (44)
ǫ1 ≃ ω
2
(
1− β
m1 − 1
)2
(κφ)2, (45)
ǫ2 = β, (46)
ǫ3 = 0, (47)
ǫ5 ≃ 4(1− β)λ1m1κ
4V (φ)(κφ)m1
8(1− β)λ1m1κ4V (φ)(κφ)m1 − 3(m1 − 1) , (48)
ǫ6 ≃
4(1− β)2λm1(κφ)m1
(
m1κ
4V (φ) + κφκ3V ′(φ)
)
(m1 − 1) (8(1− β)λ1m1κ4V (φ)(κφ)m1 − 3(m1 − 1)) . (49)
It is obvious that only the first three slow-roll indices have simple forms while the rest have very perplexed, since they
depend on the scalar potential presented previously. This is exactly why the index ǫ4 was not written analytically. Due
to the simple expression of index ǫ1 however, we can evaluate the final value of the scalar field during the inflationary
era by equating ǫ1 with unity. Therefore, the resulting form is,
φf = ± 1
κ
√
2
ω
∣∣∣∣m1 − 11− β
∣∣∣∣ . (50)
As a result, the initial value of the scalar field, which is also the one that we need in order to evaluate both the
observational quantities and the predicted non-Gaussianities of the model, can be extracted directly from equation
(29). The resulting value is,
φi = φfe
−
N(1−β)
m1−1 . (51)
In this case, we shall use the positive values of the scalar field. Assuming that in reduced Planck Units, where
κ2 = 1, the free parameters of the theory have the values (ω, λ1, N , c, β, m1)=(1, -1, 60, 0, 0.017, 10) then
the observed quantities in Eq. (27) obtain values compatible with the current observational data. In fact, the
spectral indices of the scalar and tensor perturbations, along with the tensor to scalar ratio, obtain the values
nS = 0.965992, nT = −4.06329 · 10−6 and r = 3.2506 · 10−5 which are accepted values according to the recent Planck
2018 collaboration [46]. Furthermore, we mention that the initial and final value of the scalar field are φi = 0.0184556
and φf = 12.948 which indicates an increase in the scalar field. Lastly, we note that the slow-roll indices obtain the
values ǫ1 = 2.03164 · 10−6, ǫ4 = 6 · 10−29, ǫ5 = 6 · 10−18 and ǫ6 = 7 · 10−18 which are extremely small.
Moreover, we make also predictions for the amount of non-Gaussianities in the primordial power spectrum of the
curvature perturbations. From equations (38), the expected value of feqNL, for the exact same set of parameters we
8-0.01 0.00 0.01 0.02 0.03 0.04 0.05 0.06
4
5
6
7
8
9
10

m
0.88
0.90
0.92
0.94
0.96
0.98
1.00
-0.01 0.00 0.01 0.02 0.03 0.04 0.05 0.06
4
5
6
7
8
9
10
β
m
2.×10-6
4.×10-6
6.×10-6
8.×10-6
0.000010
0.000012
0.000014
FIG. 1: Contour plots of the spectral index of primordial curvature perturbations (right) and the tensor-to-scalar ratio (left)
depending on parameters β and m, ranging from [0.01,0.09] and [4,10] respectively. Concerning the spectral index, it is clear
that the dominant parameter which defines its value is the constant-roll parameter and in fact there exists a very narrow area
of acceptance which ranges approximately from 0.015 to 0.02, exactly where the value in our example resides.
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FIG. 2: Parametric plot of the tensor-to-scalar ratio (x axis) and the spectral index of scalar perturbations (y axis) depending
on parameters β and m, ranging from [-0.01, 0.09] and [4,26] respectively. Even in this case, it is clear that there exists a
narrow area of acceptance for this set parameters due to the rage of compatible with the observations values of the spectral
index nS .
used to obtain the viability of the model with the Planck data, is feqNL = 0.0910216 which is also an accepted value
and may explain why non Gaussianities have yet to be observed. Finally, the parameters used to derive such values
are equal to δξ = −10−18, ǫs = 2.0316 · 10−6 and η = 0.21844 which means that one one of them is in fact dominant.
These results imply that ǫs = ǫ1.
At this point, it is also worth mentioning that the observed quantities nS and r experience different changes when
the values of the free parameters alter. For instance, the constant-roll parameter β is the only one which affects the
spectral index of scalar perturbations while the exponentm of the coupling scalar function along with the constant-roll
9parameter affect the tensor-to-scalar ratio, with the first being more decisive factor. This can easily be observed in
Fig. 1 where one sees that the spectral index of scalar perturbations is depicted by a simple plot resembling vertical
lines. In addition, while the term feqNL is independent of parameter λ, it can be enhanced by decreasing the exponent
m but such a change leads to a subsequent decrease in the tensor-to-scalar ratio. For instance, choosing m = 1.5 leads
to feqNL = 1.22875, nS = 0.966 and the effective value of the tensor-to-scalar ratio is 0, since numerically speaking,
r ∼ O(10−102). Further information for the behavior of the spectral index and of the tensor-to-scalar ratio can be
found in Fig. 2, where we present the parametric plot of the tensor-to-scalar ratio (x axis) and of the spectral index
of scalar perturbations (y axis) depending on parameters β and m, ranging from [-0.01, 0.09] and [4,26] respectively.
Another comment that should be briefly discussed here is the form of the scalar potential. From the continuity
equation, it becomes apparent that (42) is quite complex, however this is not true. Since ξ′G is many orders lesser
than V ′, something that will be shown shortly, it can be discarded from the equations of motion leaving us with a
scalar potential which is only exponential, meaning that for 24ξ′H4 ≪ V ′, one obtains the scalar potential,
V (φ) = V1e
(β2+2β−3)κ2φ2ω
6(m1−1) , (52)
which is a quite simple case. This applies obviously to the slow-roll case studied in Ref. [36].
Finally, we examine the validity of the approximations which were made during this model at the first horizon
crossing. Firstly, the slow-roll approximations in Eq. (6) hold true since H˙ ∼ O(10−7) compared to H2 ∼ O(10−1)
and 12ωφ˙
2 ∼ O(10−7) compared to V ∼ O(101) are negligible. Also, the terms which were omitted in equations (3)
and (4) are of of the order (in reduced Planck units) 24ξ˙H3 ∼ O(10−17) while 16ξ˙HH˙ ∼ O(10−23), which explains
why these terms, compared to the scalar potential and the kinetic term, can be neglected. Lastly, V ′ ∼ O(10−3)
whereas ξ′G ∼ O(10−15) which explains why the second form of the scalar potential presented in Eq. (52) is equivalent
to that of (42).
B. Model II: Advanced Exponential Model
Let us now assume that the coupling scalar function has the following form,
ξ(φ) = κλ2
∫ κφ
eγ2x
m2
dx, (53)
where x is an auxiliary integration variable. This may seem like a strange choice, but it can be justified due to the
simple form of the ratio ξ′/ξ′′ which appears in our calculations, as
ξ′′ = m2γ2
(κφ)m2
φ
ξ′. (54)
In order to find the expression of the scalar potential, we must make use of Eq. (15). However, the differential
equation is not so easy to solve. To do so, we must make an additional approximation which is reasonable and it
realized in the following equation,
V ′ + κ2ω(1− β)
(
1 +
β
3
)
ξ′
ξ′′
V ≃ 0. (55)
Using this differential equation, the resulting scalar potential is,
V (φ) = V2exp(α2(κφ)
2−m2 ), (56)
where here, α2 =
ω(β2+2β−3)
3γ2m2(2−m2)
and V2 the integration constant with mass dimensions [m]
4. Continuing, the resulting
expressions for several terms of interest are shown below,
δξ ≃ (1− β)κφλ2κ
4V (φ)(κφ)−m2eγ2(κφ)
m2
3γ2m2
, (57)
ǫs ≃
(1− β)(κφ)1−2m2 (3(1− β)κφω − 8γ2λ2m2κ4V (φ)(κφ)m2eγ2(κφ)m2 )
6γ22m
2
2
, (58)
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ǫ1 ≃ ω
2
(
1− β
m2γ2
)
(κφ)2(1−m2), (59)
ǫ2 = β, (60)
ǫ3 = 0, (61)
ǫ5 ≃ 4(β − 1)κφλ2κ
4V (φ)eγ2(κφ)
m2
3γ2m2(κφ)m2 + 8(β − 1)κφλ2κ4V (φ)eγ2(κφ)m2 , (62)
ǫ6 ≃ −
4(β − 1)2λ2(κφ)1−m2eγ2(κφ)m2
(
m2κ
4V (φ) (γ2(κφ)
m2 − 1) + κφκ3V ′(φ) + κ4V (φ))
γ2m2
(
3γ2m2(κφ)m2 + 8(β − 1)κφλ2κ4V (φ)eγ2(κφ)m2
) . (63)
Similar to the previous model, index ǫ4 was omitted due to its intricate form. Finally, as was the case with the
previous model, we present the initial and final value of the scalar field,
φf =
1
κ
(√
ω
2
∣∣∣∣1− βm2γ2
∣∣∣∣
) 1
m2−1
, (64)
φi =
1
κ
(
(κφf )
m2 − N(1− β)
γ2
) 1
m2
. (65)
Assuming that in Planck Units, (ω, λ2, N , V2, β, m2, γ)=(1, 100, 60, 1, 0.017, 3, -1) then the resulting spectral
index of primordial curvature perturbations and the tensor-to-scalar ratio are compatible with the observations, as
nS = 0.965059 and r = 0.003732 are acceptable values. Furthermore, we mention that the unobserved spectral index
of tensor perturbations obtains the value nT = −0.000466 and for the scalar field, φi = 3.89501 and φf = 0.481347
which shows that the scalar field decreases with time. Finally, when it comes to the slow-roll indices, the majority
of them have extremely small values as ǫ1 = 0.00023, ǫ4 = 4.17 · 10−47 and ǫ5 = 5.7 · 10−26 = ǫ6. Concerning the
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FIG. 3: Contour plots of the spectral index of primordial curvature perturbations (left) and the tensor-to-scalar ratio (right)
depending on parameters m and γ ranging from [3,6] and [-8,-2] respectively. It can be inferred that both parameters influence
their values but the spectral index changes with a lesser rate.
non-Gaussianities issue, it turns out that the term feqNL obtains the value f
eq
NL = 0.009598 which is obviously small.
Moreover, δξ = −1.43 · 10−26, ǫs = 0.00023 and η = 0.02218 In this model, not only does ǫs coincide with index ǫ1,
but two of the three parameters for evaluating the non-Gaussianities have non negligible values.
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In this case, the exponent m affects both the spectral index of scalar perturbations and the tensor-to-scalar ratio.
The same applies to the constant-roll parameter β but in this case, only the spectral index experiences a significant
change. Lastly, γ2 alters both values and as a matter of fact in not so significant rate. Decreasing γ2 to the value -10
alters the fourth decimal in each magnitude. In contrast, if β was to obtain the value 0.015, which is a really small
change, the spectral index takes a non-compatible value with the observations, which indicates the great impact such
a change in the parameters has. The dependence on β and γ2 can be viewed in Fig. 3. Finally, the exponent may
vary in the range [3,14] and the only change which the observed quantities shall experience is in the fourth and fifth
decimal, with the tensor-to-scalar ratio experiencing a decrease.
Let us proceed with the dynamics of the system in terms of altering certain free parameters. It turns out that many
parameters leave the results unaltered, while others play a significant role. For instance, changing the constant-roll
parameter β to 0.015, while it affects greatly the spectral index of primordial curvature perturbations, it does not
alter the order of magnitude of feqNL, just changes the numerical value in the same order. Even if it changes to, lets say
β = 0.6, the results are the same. In contrast, the exponent m affects significantly the parameters, since an increase
in the exponent, leads to a decrease in the tensor-to-scalar ratio but also enhances the non-Gaussianities and even by
a lot. As it was shown in the slow-roll case [36], the exponent m2 is free to take values at least up to 120. The term
feqNL is not an interesting case to examine since as mentioned in the previous section, it can be evaluated by using
the exact same auxiliary parameters as the spectral indices of scalar, tensor perturbations and the tensor-to-scalar
ratio, so it is expected to be dependent on the same free parameters as those quantities. However, we mention that
changing the exponent, for instance to m = 100 leads to viable results and also increases the non linear term only by
one order, meaning that feqNL = 0.0137485.
Finally, we discuss the approximations made throughout the equations of motion. When it comes to the slow-roll
approximations, we note that H˙ ∼ O(10−5) while H2 ∼ O(10−1) and similarly, 12ωφ˙2 ∼ O(10−5) and V ∼ O(10−1)
which shows that the approximations in fact do apply. In addition, the following terms are 24ξ˙H3 ∼ O(10−25),
16ξ˙HH˙ ∼ O(10−29) which justifies why they were neglected in equations (3) and (4). Furthermore, for equation (5),
V ′ ∼ O(10−2) in contrast to 24ξ′H4 ∼ O(10−23) so it is reasonable why the latter was neglected.
As a last comment, we mention that the dominant parameters which affect the results are mainly the constant-roll
parameter β and parameters γ2 and m2 while λ2 seems to not cause any change to the results along with V2.
C. Comparison Between Slow-roll And Constant-Roll
In this case, we shall work with the previous model but implement a different formalism. Here, we shall set β equal
to zero, so visually it will disappear from all the previous equations but in reality, for the scalar field we assume that
in addition to the slow-roll approximations (6), the approximation φ¨ ≪ φ˙H holds. This will lead to a change with
the new set of equations being,
ξ(φ) = κλ3
∫ κφ
eγ3x
m
dx, (66)
φ˙ ≃ H ξ
′
ξ′′
, (67)
H2 ≃ κ
2V
3
, (68)
H˙ ≃ −H
2
2
κ2ω
(
ξ′
ξ′′
)2
, (69)
V ′ + ωκ2
ξ′
ξ′′
V ≃ 0. (70)
This model was studied thoroughly in [36] and it is capable of producing viable results. Before we proceed with the
results however, it is worth mentioning the changes to which the scalar potential and the slow-roll indices will be
subjected to. From the previous set of equations, the resulting scalar potential is,
V (φ) = V3e
−
ω(κφ)2−m3
γ3(2−m3)m3 , (71)
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which as expected is the same as before, (56) with β = 0. Similarly,
δξ ≃ κφλ3κ
4V (φ)(κφ)−m3eγ3(κφ)
m3
3γ3m3
, (72)
ǫs ≃
(κφ)1−2m3
(
3κφω − 8γ3λ3m3κ4V (φ)(κφ)m3eγ3(κφ)m3
)
6γ23m
2
3
, (73)
ǫ1 ≃ ω(κφ)
2(1−m3)
2(γ3m3)2
, (74)
ǫ2 ≃ −
(κφ)−2m3
(
ω(κφ)2 + 2m3(m3 − 1)γ3(κφ)m3
)
2γ23m
2
3
, (75)
ǫ3 = 0, (76)
ǫ5 ≃ 4κφλ3κ
4V (φ)eγ3(κφ)
m3
8κφλ3κ4V (φ)eγ3(κφ)
m3 − 3γ3m3(κφ)m3 , (77)
ǫ6 ≃ −
4κφλ3(κφ)
−m3eγ3(κφ)
m3
(
m3κ
4V (φ) (γ3(κφ)
m3 − 1) + κφκ3V ′(φ) + κ4V (φ))
γ3m3
(
3γ3m3(κφ)m3 − 8κφλ3κ4V (φ)eγ3(κφ)m3
) . (78)
Similarly, apart from ǫ2, all the indices coincide with those previously for β = 0, as expected. Following, the exact
same steps, the initial and final value of the scalar field read,
φf =
1
κ
(√
ω
2
∣∣∣∣ 1γ3m3
∣∣∣∣
) 1
(m3−1)
, (79)
φi =
1
κ
(
(κφ)m3 − N
γ3
) 1
m3
. (80)
Assuming that in Planck Units, (ω, λ3, N , V3, m3, γ3)=(1, 1, 60, 1, 20, -0.001) then from Eq (27), we obtain the
values nS = 0.968331, nT = −2.08667 · 10−6 and r = 1.6693 · 10−5 which are compatible results with the observations
results. Moreover, φi = 1.7335 and φf = 1.20642 in Planck Units, which shows a decrease with time. And finally,
ǫ1 = 1.04 · 10−6, ǫ4 = 7 · 10−52 and ǫ5 = 10−29 = ǫ6 which indicates that the slow-roll conditions indeed apply.
The main aim of the analysis performed in this subsection however, was to evaluate and predict the amount of
non-Gaussianities in the power spectrum. The above set of parameters leads to the value feqNL = 0.013196. Similarly,
δξ = −4 · 10−30, ǫs = ǫ1 and η = 0.03164. A quick comparison between the models corresponding to the slow-roll and
constant-roll case, indicate that in the constant-roll case the value of feqNL decreases, since viability can be achieved
for smaller values of the exponent m. Thus the main difference between the two phenomenologies is the set of values
for the free parameters that can achieve both viability for the observed the spectral index of primordial curvature
perturbations and the tensor-to-scalar ratio. In conclusion, both the slow-roll and the constant-roll condition of this
particular model are more than capable of describing a viable phenomenology and in fact are able to predict the same
amount of non-Gaussianities, and remarkably in the constant-roll case, slightly smaller amount of non-Gaussianities.
V. PHENOMENOLOGY BY IMPOSING THE CONDITION κξ′/ξ′′ ≪ 1
In this section we shall assume that the following condition holds true κξ′/ξ′′ ≪ 1, and we shall examine the
phenomenological implications for an appropriately chosen model. Thus the differential equation that connects the
scalar potential and the scalar coupling function takes the form,
V ′ +
8
3
κ4ξ′V 2 ≃ 0. (81)
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This is a simple ordinary differential equation which has the following solution,
V (φ) =
1
8
3κ
4ξ(φ)− Λ , (82)
where Λ is an integration constant with mass dimensions [m]−4. By appropriately choosing the Gauss-Bonnet coupling
scalar function, specifies immediately the scalar potential. In this model, let us assume that the coupling function is
defined as,
ξ(φ) = λ4Erf(γ4κφ). (83)
This is a model which was also studied in our previous work [36]. It is an appropriate function since,
ξ′′ = −2(γ4κ)2φξ′, (84)
thus the ratio ξ′/ξ′′ is greatly simplified. In addition, the corresponding slow-roll indices are written as,
δξ ≃ − (1− β)λ4κ
4V (φ)e−(γ4κφ)
2
3
√
πγ4κφ
, (85)
ǫs ≃
(1− β)
(
32γ34κφλ4κ
4V (φ)e−(γ4κφ)
2
+ 3
√
πω(1− β)
)
6
√
π(2γ24κφ)
2
, (86)
ǫ1 ≃ ω
2
(
1− β
2γ24κφ
)2
, (87)
ǫ2 = β, (88)
ǫ3 = 0, (89)
ǫ5 ≃ 4(1− β)λ4κ
4V (φ)
8(1− β)λ4κ4V (φ) + 3
√
πγ4κφe(γ4κφ)
2 , (90)
ǫ6 ≃
2(1− β)2κλ4
(−κφκ3V ′(φ) + (2(γ4κφ)2 + 1)κ4V (φ)))
(γ4κφ)2
(
8(1− β)λ4κ4V (φ) + 3
√
πγ4κφe(γ4κφ)
2
) . (91)
Finally, we mention that the values of the scalar field during the initial and final moment of inflation are,
φf = −
√
ω
2
|1− β|
2γ24κ
, (92)
φi =
1
2γ24κ
√
8Nγ24 + ω(1 + β
2 − 2β)
2
. (93)
Assuming that in Planck Units, (ω, λ4, N , Λ, β, γ4)=(1, 10
4, 60, 0, 0.013, 1) then the resulting values for the spectral
index of primordial curvature perturbations and the tensor-to-scalar ratio are nS = 0.965829 and r = 0.0324065,
which are are both compatible results with the Planck 2018 data [46]. Furthermore, the spectral index of tensor
perturbations is nT = −0.00405904 and the values of the scalar field are φi = 7.75382 and φf = −0.348957 which
indicates a decrease in the scalar potential. And finally, when it comes to the slow-roll indices, ǫ1 = 0.00202,
ǫ4 = 1.13 · 10−52, ǫ5 = 2.7 · 10−28 = ǫ6. The effective value of the last three is obviously zero.
In addition, the predicted values for the non-Gaussianities are also compatible results. We mention that the
equilateral non linear term obtains the value feqNL = 0.009934 which is quite a small value. Also, δξ = −6.95 · 10−29,
ǫs = ǫ1, η = 0.0164167. The f
eq
NL term can obtain a greater value by decreasing γ4, but such decrease leads
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to a subsequent increase in the tensor-to-scalar ratio so it must be made with care. Choosing γ4 = 0.8 leads to
feqNL = 0.011662 while producing also viable spectral indices and tensor-to-scalar ratio. Here, γ4 affects the following
quantities, the tensor-to-scalar ratio, the term feqNL and the spectral index of scalar perturbations, but mainly the
first two, while the latter are affected greatly by the constant-roll parameter β.
Lastly, we examine the validity of our approximations. Concerning the slow-roll approximations, we note that
H˙ ∼ O(10−8) compared to H2 ∼ O(10−5) similarly 12ωφ˙2 ∼ O(10−8) in contrast to V ∼ O(10−5). Indeed, the
approximations in (6) are valid. Moreover, the string terms in the equations of motion (3) and (4) are 24ξ˙H3 ∼
O(10−32) and 16ξ˙HH˙ ∼ O(10−35) which justifies the reason the were neglected. Also, the ratio ξ′/ξ′′ is of order
O(10−3). The term V ′ is of same order as ξ′V 2.
This set of values for the free parameters of the theory is interesting due to the fact that selecting Λ = 0 implies
that,
V (φ) =
3
8κ4ξ(φ)
, (94)
which is an interesting relation between the scalar functions of the model.
VI. CONCLUSIONS
In this work we investigated the quantitative effects of imposing a constant-roll evolution on the scalar field for a
GW170817-compatible Einstein-Gauss-Bonnet theory. Our focus was on the inflationary era, and we calculated the
slow-roll indices and the observational quantities of inflation, and we confronted several models with the observational
data coming from the Planck 2018 collaboration. As we demonstrated, the resulting inflationary phenomenology can
be compatible with the latest Planck data, for a wide range of the free parameters of the theory, and with the constant-
roll condition holding true. In our calculations we demonstrated that all the assumptions we made were satisfied for
all the models we examined, and for the values of the free parameters that yield inflationary viability with respect to
the latest Planck data. For all the models we studied, we also investigated the amount of non-Gaussianities that are
predicted from the models, by calculating the quantity feqNL in the equilateral momentum approximation. Interestingly
enough, we demonstrated that the amount of non-Gaussianities is quite small in the constant-roll case, and also in
some cases, where we compared the slow-roll and constant-roll cases explicitly, we showed that the quantity feqNL is
even smaller in the constant-roll case, compared to the slow-roll case. Finally, we performed an analytic approximation
in the differential equation that connects the scalar field potential and the scalar coupling function, and we examined
the phenomenology of inflation in this case too. As we evinced, the model can also be compatible with the Planck
2018 too.
A future study should address the important feature of having the constraint c2T = 1 holding true after the slow-roll
or constant-roll era, during the reheating era and beyond. In that case, the differential equation that connects the
scalar field potential V (φ) and the scalar coupling function ξ(φ) is not simplified, as it was during the inflationary
era, thus one may use the exact form of the differential equation, and impose the constraint that it holds true for
all the post-inflationary eras, and that it exactly defines the interconnection of the scalar potential and of the scalar-
Gauss-Bonnet coupling. This differential equation could be taken as an additional constraint in the theory, and may
affect the reheating era if the constant-roll assumption is used, like for example in Ref. [36], or even if the slow-roll
assumption is used. The point is that in our previous work [36], and in the present work, we found only an approximate
relation for the scalar potential and the scalar-Gauss-Bonnet coupling function, however, in the post-inflationary era,
the full differential equation should be taken into account, and thus, one may have the exact relation between the two
scalar functions, without the need of any approximation. Thus, one may use this differential equation as an additional
constraint, and solve thus numerically problems of astrophysical or cosmological interest. This task is in our future
plans and we aim to materialize this in the next years, motivated by the current astrophysical and cosmological
interest on the gravitational wave speed [60–62].
[1] B. P. Abbott et al. “Multi-messenger Observations of a Binary Neutron Star Merger,” Astrophys. J. 848 (2017) no.2, L12
doi:10.3847/2041-8213/aa91c9 [arXiv:1710.05833 [astro-ph.HE]].
[2] J. M. Ezquiaga and M. Zumalacarregui, Phys. Rev. Lett. 119 (2017) no.25, 251304 doi:10.1103/PhysRevLett.119.251304
[arXiv:1710.05901 [astro-ph.CO]].
[3] J. c. Hwang and H. Noh, Phys. Rev. D 71 (2005) 063536 doi:10.1103/PhysRevD.71.063536 [gr-qc/0412126].
[4] S. Nojiri, S. D. Odintsov and M. Sami, Phys. Rev. D 74 (2006) 046004 doi:10.1103/PhysRevD.74.046004 [hep-th/0605039].
15
[5] G. Cognola, E. Elizalde, S. Nojiri, S. Odintsov and S. Zerbini, Phys. Rev. D 75 (2007) 086002
doi:10.1103/PhysRevD.75.086002 [hep-th/0611198].
[6] S. Nojiri, S. D. Odintsov and M. Sasaki, Phys. Rev. D 71 (2005) 123509 doi:10.1103/PhysRevD.71.123509 [hep-th/0504052].
[7] S. Nojiri and S. D. Odintsov, Phys. Lett. B 631 (2005) 1 doi:10.1016/j.physletb.2005.10.010 [hep-th/0508049].
[8] M. Satoh, S. Kanno and J. Soda, Phys. Rev. D 77 (2008) 023526 doi:10.1103/PhysRevD.77.023526 [arXiv:0706.3585
[astro-ph]].
[9] K. Bamba, A. N. Makarenko, A. N. Myagky and S. D. Odintsov, JCAP 1504 (2015) 001 doi:10.1088/1475-
7516/2015/04/001 [arXiv:1411.3852 [hep-th]].
[10] Z. Yi, Y. Gong and M. Sabir, Phys. Rev. D 98 (2018) no.8, 083521 doi:10.1103/PhysRevD.98.083521 [arXiv:1804.09116
[gr-qc]].
[11] Z. K. Guo and D. J. Schwarz, Phys. Rev. D 80 (2009) 063523 doi:10.1103/PhysRevD.80.063523 [arXiv:0907.0427 [hep-th]].
[12] Z. K. Guo and D. J. Schwarz, Phys. Rev. D 81 (2010) 123520 doi:10.1103/PhysRevD.81.123520 [arXiv:1001.1897 [hep-th]].
[13] P. X. Jiang, J. W. Hu and Z. K. Guo, Phys. Rev. D 88 (2013) 123508 doi:10.1103/PhysRevD.88.123508 [arXiv:1310.5579
[hep-th]].
[14] P. Kanti, R. Gannouji and N. Dadhich, Phys. Rev. D 92 (2015) no.4, 041302 doi:10.1103/PhysRevD.92.041302
[arXiv:1503.01579 [hep-th]].
[15] C. van de Bruck, K. Dimopoulos, C. Longden and C. Owen, arXiv:1707.06839 [astro-ph.CO].
[16] P. Kanti, J. Rizos and K. Tamvakis, Phys. Rev. D 59 (1999) 083512 doi:10.1103/PhysRevD.59.083512 [gr-qc/9806085].
[17] E. O. Pozdeeva, M. R. Gangopadhyay, M. Sami, A. V. Toporensky and S. Y. Vernov, arXiv:2006.08027 [gr-qc].
[18] I. Fomin, arXiv:2004.08065 [gr-qc].
[19] M. De Laurentis, M. Paolella and S. Capozziello, Phys. Rev. D 91 (2015) no.8, 083531 doi:10.1103/PhysRevD.91.083531
[arXiv:1503.04659 [gr-qc]].
[20] S. Chervon, I. Fomin, V. Yurov and A. Yurov, doi:10.1142/11405
[21] K. Nozari and N. Rashidi, Phys. Rev. D 95 (2017) no.12, 123518 doi:10.1103/PhysRevD.95.123518 [arXiv:1705.02617
[astro-ph.CO]].
[22] S. D. Odintsov and V. K. Oikonomou, Phys. Rev. D 98 (2018) no.4, 044039 doi:10.1103/PhysRevD.98.044039
[arXiv:1808.05045 [gr-qc]].
[23] S. Kawai, M. a. Sakagami and J. Soda, Phys. Lett. B 437, 284 (1998) doi:10.1016/S0370-2693(98)00925-3 [gr-qc/9802033].
[24] Z. Yi and Y. Gong, Universe 5 (2019) no.9, 200 doi:10.3390/universe5090200 [arXiv:1811.01625 [gr-qc]].
[25] C. van de Bruck, K. Dimopoulos and C. Longden, Phys. Rev. D 94 (2016) no.2, 023506 doi:10.1103/PhysRevD.94.023506
[arXiv:1605.06350 [astro-ph.CO]].
[26] B. Kleihaus, J. Kunz and P. Kanti, arXiv:1910.02121 [gr-qc].
[27] A. Bakopoulos, P. Kanti and N. Pappas, Phys. Rev. D 101 (2020) no.4, 044026 doi:10.1103/PhysRevD.101.044026
[arXiv:1910.14637 [hep-th]].
[28] K. i. Maeda, N. Ohta and R. Wakebe, Eur. Phys. J. C 72 (2012) 1949 doi:10.1140/epjc/s10052-012-1949-6 [arXiv:1111.3251
[hep-th]].
[29] A. Bakopoulos, P. Kanti and N. Pappas, arXiv:2003.02473 [hep-th].
[30] W. Ai, [arXiv:2004.02858 [gr-qc]].
[31] S. D. Odintsov and V. K. Oikonomou, Phys. Lett. B 797 (2019) 134874 doi:10.1016/j.physletb.2019.134874
[arXiv:1908.07555 [gr-qc]].
[32] V. K. Oikonomou and F. P. Fronimos, [arXiv:2007.11915 [gr-qc]].
[33] S. D. Odintsov, V. K. Oikonomou and F. P. Fronimos, Annals Phys. 420 (2020), 168250 doi:10.1016/j.aop.2020.168250
[arXiv:2007.02309 [gr-qc]].
[34] V. K. Oikonomou and F. P. Fronimos, [arXiv:2006.05512 [gr-qc]].
[35] S. D. Odintsov and V. K. Oikonomou, Phys. Lett. B 805 (2020), 135437 doi:10.1016/j.physletb.2020.135437
[arXiv:2004.00479 [gr-qc]].
[36] S. D. Odintsov, V. K. Oikonomou and F. P. Fronimos, [arXiv:2003.13724 [gr-qc]].
[37] R. Easther and K. i. Maeda, Phys. Rev. D 54 (1996) 7252 doi:10.1103/PhysRevD.54.7252 [hep-th/9605173].
[38] I. Antoniadis, J. Rizos and K. Tamvakis, Nucl. Phys. B 415 (1994) 497 doi:10.1016/0550-3213(94)90120-1 [hep-th/9305025].
[39] I. Antoniadis, C. Bachas, J. R. Ellis and D. V. Nanopoulos, Phys. Lett. B 257 (1991), 278-284 doi:10.1016/0370-
2693(91)91893-Z
[40] P. Kanti, N. Mavromatos, J. Rizos, K. Tamvakis and E. Winstanley, Phys. Rev. D 54 (1996), 5049-5058
doi:10.1103/PhysRevD.54.5049 [arXiv:hep-th/9511071 [hep-th]].
[41] P. Kanti, N. Mavromatos, J. Rizos, K. Tamvakis and E. Winstanley, Phys. Rev. D 57 (1998), 6255-6264
doi:10.1103/PhysRevD.57.6255 [arXiv:hep-th/9703192 [hep-th]].
[42] F. Bajardi, K. F. Dialektopoulos and S. Capozziello, Symmetry 12 (2020) no.3, 372 doi:10.3390/sym12030372
[arXiv:1911.03554 [gr-qc]].
[43] S. Capozziello, C. A. Mantica and L. G. Molinari, Int. J. Geom. Meth. Mod. Phys. 16 (2019) no.09, 1950133
doi:10.1142/S0219887819501330 [arXiv:1906.05693 [gr-qc]].
[44] I. de Martino, M. De Laurentis and S. Capozziello, [arXiv:2008.09856 [gr-qc]].
[45] S. Nojiri and S. D. Odintsov, Phys. Rept. 505 (2011) 59 doi:10.1016/j.physrep.2011.04.001 [arXiv:1011.0544 [gr-qc]].
[46] Y. Akrami et al. [Planck Collaboration], arXiv:1807.06211 [astro-ph.CO].
[47] S. Nojiri, S. D. Odintsov and V. K. Oikonomou, Phys. Rept. 692 (2017) 1 doi:10.1016/j.physrep.2017.06.001
[arXiv:1705.11098 [gr-qc]].
16
[48] S. Capozziello and M. De Laurentis, Phys. Rept. 509 (2011) 167 doi:10.1016/j.physrep.2011.09.003 [arXiv:1108.6266 [gr-
qc]].
[49] V. Faraoni and S. Capozziello, Fundam. Theor. Phys. 170 (2010). doi:10.1007/978-94-007-0165-6
[50] S. Nojiri and S. D. Odintsov, eConf C 0602061 (2006) 06 [Int. J. Geom. Meth. Mod. Phys. 4 (2007) 115]
doi:10.1142/S0219887807001928 [hep-th/0601213].
[51] A. de la Cruz-Dombriz and D. Saez-Gomez, Entropy 14 (2012) 1717 doi:10.3390/e14091717 [arXiv:1207.2663 [gr-qc]].
[52] G. J. Olmo, Int. J. Mod. Phys. D 20 (2011) 413 doi:10.1142/S0218271811018925 [arXiv:1101.3864 [gr-qc]].
[53] G. Bertone, D. Hooper and J. Silk, Phys. Rept. 405 (2005) 279 doi:10.1016/j.physrep.2004.08.031 [hep-ph/0404175].
[54] L. Bergstrom, Rept. Prog. Phys. 63 (2000) 793 doi:10.1088/0034-4885/63/5/2r3 [hep-ph/0002126].
[55] Y. Mambrini, S. Profumo and F. S. Queiroz, Phys. Lett. B 760 (2016) 807 [arXiv:1508.06635 [hep-ph]].
[56] S. Profumo, arXiv:1301.0952 [hep-ph].
[57] D. Hooper and S. Profumo, Phys. Rept. 453 (2007) 29 [hep-ph/0701197].
[58] V. K. Oikonomou, J. D. Vergados and C. C. Moustakidis, Nucl. Phys. B 773 (2007) 19 [hep-ph/0612293].
[59] A. De Felice and S. Tsujikawa, JCAP 1104 (2011) 029 doi:10.1088/1475-7516/2011/04/029 [arXiv:1103.1172 [astro-
ph.CO]].
[60] R. Nair, S. Perkins, H. O. Silva and N. Yunes, Phys. Rev. Lett. 123 (2019) no.19, 191101
doi:10.1103/PhysRevLett.123.191101 [arXiv:1905.00870 [gr-qc]].
[61] Z. Carson and K. Yagi, [arXiv:2002.08559 [gr-qc]].
[62] W. Giare and F. Renzi, [arXiv:2007.04256 [astro-ph.CO]].
